Calcium/calmodulin-dependent protein kinase IV, molecular dynamics simulation, kinase activity, spectroscopic techniques, effect of pH https://mc06.manuscriptcentral.com/bcb-pubs that within of the pH ranges from 5.0 -11.5, the CAMKIV maintains its both secondary and tertiary structures along with its function, while significant aggregation was observed at acidic pH (2.0 to 4.5). We have also performed the ATPase activity assay in different pH conditions and found a significant correlation between structure and enzymatic activities of CAMKIV. In silico validations were further carried out by modeling the three-dimensional structure of CAMKIV and then subjected it to the molecular dynamics simulations in order to understand their conformational behavior in explicit water conditions. A strong correlation between spectroscopic observations and the outputs of molecular dynamics simulation was observed for the CAMKIV.
Introduction
Calcium-calmodulin dependent protein kinase IV (CAMKIV) is a multifunctional protein kinase belonging to the Ser/Thr kinase family (Tokumitsu et al. 1995) . It is primarily involved in regulating calcium-signaling cascade associated with several essential cellular processes like apoptosis, cell signaling, osteoclast differentiation (Choi et al. 2013) , cell proliferation (Ichinose et al. 2011 ) and ischemic tolerance (Soderling 1999) . Unlike CaMKII, this kinase has restricted tissue distribution and is highly expressed in the nervous system cerebellum (Miyano 1992) , hematopoietic system, whereas it is expressed comparatively at lower extent in spleen and the spermatids . A relatively high expression of CAMKIV in the neurons (Ohmstede and Bwl. Chem. 264 1989) clearly suggests that it has a direct involvement in neuronal communication via calcium mediating signaling (Hardingham and Bading 2010) . This enzyme also plays an essential role in the neuroprotection by inhibiting the neuron degradation or apoptosis caused by caspases, a cell death protein CED3 (Ellis et al. 1991; See et al. 2001) .
CAMKIV also phosphorylates the histone deacetylase (HDAC4), resulting in neuroprotection in excitotoxic glutamate condition, a major cell death mechanism in cerebral ischemia (McCullough et al. 2013) .
Extracellular factors such as peptide hormones, growth factors, neurotransmitters, and synaptic stimuli (Johannessen et al. 2004; Mayr and Montminy 2001; Shaywitz and Greenberg 1999) enhance the depolarization of the signal voltage gated channel which leads to increase concentration of calcium into the cytoplasm, and calcium binds to calmodulin, a calcium binding protein (Chatila et al. 1996) . Furthermore, this binary complex binds to the auto-inhibited form of CAMKIV and accelerates its basal activity by releasing PP2A from its auto-inhibitory domain D r a f t 4 (Means 2000) . The catalytic activity of the enzyme was enhanced by another kinase CAMKK which phosphorylates Thr200 residue on its activation loop.
The activated form of CAMKIV phosphorylates the nuclear transcription factor cAMP response element-binding protein (CREB) at serine 133 (Sheng et al. 1991; Silva et al. 1998; Sun et al. 1994 ). The phosphorylated CREB interacts with the CREB-binding protein (CBP), which activates CRE (cAMP response element)-mediated transcription by the mobilization of CBP to the promoter regions of the target genes (Impey et al. 2002; Silva et al. 1998 ). CAMKIV regulates CREB-CBP-mediated transcription through their phosphorylation, acting as a key mediator of Ca +2 signal stimulated transcription activation. The mutation and over expression analyses showed that CAMKIV is directly associated with several life threatening diseases such as Alzheimer's disease (Loo et al. 1993 ), Huntington's disease (Portera-Cailliau et al. 1995) , spinal muscular dystrophy (Roy et al. 1995) , systemic lupus erythematosus (SLE) (Koga et al. 2012 ) and varieties of cancer such as lung carcinoma, hepatocellular carcinoma (Lin et al.) and epithelial ovarian cancer (Takai et al. 2002) , as well as stroke (Liu et al.) . Therefore, CAMKIV is considered as an important target for designing drug molecules of therapeutic applications (Hoda et al. 2015; Melnikova and Golden 2004 (Tokumitsu et al. 1994) . CAMKIV has a general consensus phosphorylation sequence R-X-XSer/Thr motif, which is phosphorylated by the CaMKK and thus increases CAMKIV kinase activity significantly (Anderson and Kane 1998) . Furthermore, binding of calmodulin to the CAMKIV results into a conformational change that relieves intrasteric autoinhibition and allows phosphorylation of Thr-200 within the activation loop by CaMKK1 or CaMKK2 (Hanissian et al. 1993; Krebs 1998) . The phosphorylation of Thr-200 results into a 10-20-fold increase in total activity to generate Ca2+/calmodulin-independent activity. Autophosphorylation of the Nterminus Ser-12 and Ser-13 is required for full activation (Chow et al. 2005 ).
Despite of a well documented literature on the functional aspects of CAMKIV, a very little information is available on its biophysical properties (Naz et al. 2016; Naz et al. 2015b) . It was observed that a change in Ca 2+ concentration causes the lowering of extracellular pH, which disrupts the regulation of pH homeostasis, neuronal excitability and neuronal differentiation in brain as well (Obara et al. 2008; Sanchez-Armass et al. 2006) . Besides, it also changes the protonation in glial cells leading to the glioma (McLean et al. 2000) . To understand the effect of pH on the structure, function and stability of CAMKIV, we have cloned, expressed and purified human CAMKIV successfully from E. coli culture. We performed circular dichroism (CD) and fluorescence measurements at different pH values (2.0 to 11.0) to see the effect of pH on the secondary and tertiary structures, respectively. The structural features were further complemented by enzyme activity assay and molecular dynamics (MD) simulation studies to get a better insight into the structure-function relationship. AATCATATGTCTTCGGTCACCGCCAGTGCG 3' and reverse primer with Xho1 site: 5' AATCTCGAGCAATCCCAGGCGGGAAGAGG 3'. The amplified gene was ligated into the pET28a(+) expression vector with 6His-tag at the N-terminus followed by the transformation into BL21 (DE3) strain of E. coli.
Materials and Methods
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The transformed cells were grown in LB media at 37 °C up to the optical density of cells was reached to 0.6 at 600 nm. Culture was induced with 0.25 mM isopropyl β-D-1-thiogalactopyranoside, for four hours at 37 °C. The full grown culture was centrifuged at 6,000 rpm for 20 minutes at 4 °C, and pellet was dissolved in a buffer containing 50mM Tris, 20mM
EDTA 0.1 mM PMSF and 1% of Triton 100 followed by the sonication for 20 min (10 sec off, 10 sec on). After the sonication, pellets were collected through centrifugation, and re-suspended in 50 mM Tris and 20 mM EDTA. Sonication and centrifugation were repeated twice. Pellets D r a f t were collected and washed with milliQ water thrice. Finally, inclusion bodies were dissolved in 1.0 ml of milliQ and stored at 4 °C.
The solubilisation of inclusion bodies was done in the lysis buffer (1.0% of N laurousyl sarcosine and 50 mM CAPS buffer pH 11.0) followed by centrifugation at 12,000 rpm for 20 minutes.
Supernatant was loaded on to the Ni-NTA column which was equilibrated with the washing buffer (10 mM imidazole, 1.0% of N laurousyl sarcosine and 50 mM CAPS buffer pH 11.0). The bound protein was eluted with 400 mM imidazole concentration in the elution buffer (0.3% Nlauroyl sarcosine and 50 mM CAPS buffer pH 11.0). The purity of eluted fractions was checked by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Purified proteins were dialyzed for 48 hrs in 20 mM phosphate buffer + 100 mM NaCl, pH 7.4 with five successive changes to get the refolded protein. The concentration of the dialyzed and stock solutions of CAMKIV was determined experimentally using molar absorption coefficient value of 47245 M −1 cm −1 at 280 nm (Edelhoch 1967; Pace et al. 1995) .
Sample preparation
The pH based structure analyses were done using different buffers having broad pH ranges from 2.0 to 11.5. To prepare buffers of pH values 2.0, 2.5. 3.0 and 3.5, 50 mM glycine solution was used and pH was adjusted using HCl. For buffers of pH values 4.0, 4.5, 5.0 and 5.5, 50 mM acetate-50mM citrate solution was used and pH was adjusted using acetic acid and citric acid.
Buffers of pH values 6.0, 6.5 and 7.0 were prepared by using 50 mM MES. For pH values of 7.5, 8.0, 8.5 and 9.0, 50 mM Tris buffer was used (pH adjusted using HCl). For preparing buffers of pH values 9.5 and 10.0 sodium bicarbonate buffer was used and pH was adjusted by NaHCO 3 .
To prepare buffers of pH values 10.0, 10.5 11.0 and 11.5 50 mM glycine solution was used and D r a f t 8 pH was adjusted using NaOH. CAMKIV was incubated in the different buffers for 4 hrs at 25°C before the spectroscopic measurements. This incubation time was sufficient to attain equilibrium.
CD measurements
Secondary structure of CAMKIV was measured in Jasco spectropolarimeter (J-1500), equipped with a peltier for temperature control (PTC-348WI). For the far-UV CD measurements 0.24 mg/ml of CAMKIV was used. Spectra were collected in the range of 200-250 nm (25 ± 0.1 °C).
Each spectrum was obtained by averaging five to eight successive accumulations with a wavelength step of 0.2 nm at a rate of 100 nm min−1, response time 1 s, and band width 1 nm.
Results of CD measurements were expressed as mean residue ellipticity
at a given wavelength, λ (nm) using the relation,
where M 0 is the mean residue weight of the protein, θ λ is the observed ellipticity in milli degrees at λ, l is the path length of the cell in centimeters, and c is the protein concentration in mg ml −1 .
The observed [θ] λ of the protein was corrected for the contribution of the solvent (Kelly et al. 2005 ). All CD measurements were done at least three times at each pH.
Measurements of fluorescence spectra
Fluorescence spectra of CAMKIV were measured in Jasco fluorimeter (FP-6200) in a quartz cuvete of path length 3 mm at 25 ± 0.1 °C. The temperature was maintained by an external thermostated water circulator. Both excitation and emission slits were set at 5 nm. For the D r a f t fluorescence measurements, the excitation wavelength was set at 292 nm, and Trp-emission spectra were acquired in the wavelength range of 300-400 nm. Protein concentration used was 0.24 mg/ml. The value of blank solution was subtracted from the value of each sample. All measurements were done at least three times at each pH.
Measurements of absorption spectra
Absorption spectra of human CAMKIV was measured in Shimadzu 1601 UV/Vis spectrophotometer connected with a temperature controlling external water bath. All measurements were carried out using 1 cm path length cuvette in the wavelength range 240-340
nm at a protein concentration of 0.1 mg/ml. All spectral measurements were done at least three times at each pH.
ATPase assay
We have performed the ATPase assay for CAMKIV at different pH values in triplicate. The hydrolysis of ATP catalyzed by CAMKIV was assayed by measuring the formation of 32 P from 
MD simulations
The protein were subjected to molecular dynamics (MD) simulations by using GROMACS (Pronk et al. 2013 ) package at different pH conditions (version 4.6.5, installed on the CHPC server which provides 15 nodes with 8 cores per node of space for computation). Different pH D r a f t environments were created for 4-amino (sulfamoyl-phenylamino)-triazole-carbothioic acid by altering the protonation state of titration sites. We predicted these titrable residues in the structure of the respective protein by using "Prepare protein" module of Discover Studio 4.0 (BIOVIA 2013). We perform the protonation and deprotonation of the titrable groups using their known pKa values. The topologies of the protein at different pH conditions were generated using CHARMM 36 force field (Huang and MacKerell 2013) . The SPC/E water model (Zielkiewicz 2005 ) was used at different pH conditions for the solvation of the protein, and by using steepest descent algorithm we perform the energy minimization with a convergence criterion of 0.005 kcal mol -1 .
The equilibration phase was carried out under constant volume (NVT) and constant pressure (NPT) ensemble conditions. The temperature of system was maintained at 300 K by using Berendsen weak coupling method in both ensemble conditions along with pressure which was maintained at 1 bar by utilizing Parrinello-Rahman barostat in constant pressure ensemble.
Finally, MD production was carried by using LINCS algorithm for each complex at 20 ns time scale. The knowledge extracted from the trajectory files was utilized for understanding the behavior of protein in the explicit water environment with different pH conditions. Root mean square deviations (RMSD), radius of gyration (Rg) and root mean square fluctuations (RMSF) were analyzed.
Results & Discussion
CAMKIV has wide range of tissue expression especially in the brain (Bland et al. 1994) , thymus (Jang et al. 2001) , neuronal subpopulations (Ohmstede and Bwl. Chem. 264 1989) , spleen and testis . This protein is playing critically important role in the cell proliferation, D r a f t gene expression, apoptosis, muscle contraction and neurotransmitter release (Bachs et al. 1992; Bito et al. 1997; Lu and Hunter 1995; Nicotera et al. 1994 ). The regulation of CAMKIV is a tightly controlled process (Anderson et al. 2004; Hanissian et al. 1993) , and involves several steps. In all these processes the environmental condition such as ionic strength and pH plays a critical role. Hence, we performed pH dependent studies on CAMKIV for understanding the effect of pH on the structure, stability and thus function.
Far-UV CD measurements
Far-UV CD spectra (200 nm to 250 nm) of CAMKIV were collected to see the effect of pH on its secondary structure. CD spectrum of the native CAMKIV shows characteristic double minima at 208 and 222 nm (Figure 1) . CAMKIV belongs to the α/β class of proteins, and the secondary structure content determined from the crystal structure consists of 31% α-helix (13 helices; 110 residues) and 13% β-structure (10 strands; 46 residues) (Protein Data Bank Code: 2W4O). We have analysed the CD spectra of the native protein (Figure 1 ) for estimating α-helical and β-structure contents as a function of pH using the Dichroweb K2D server (Perez-Iratxeta and Andrade-Navarro 2008), which are listed in Table 1 . In the native pH conditions (pH 6.5 -7.5),
helical content is about 29±2% and β-structure is 16±2%, which is in excellent agreement with those derived from the crystal structure data.
The far-UV CD spectra in basic pH range (pH 7.5-11.5) are almost identical ( Figure 1A ).
However, in the acidic conditions, the far-UV CD spectra show distinct differences between alkaline and acidic pH values ( Figure 1B) . If we increase pH from 7.0 to 11.5 there is no significant differences among spectra suggesting that CAMKIV maintains its secondary structure in the alkaline pH range. On the other hand, if we move towards the acidic side, the far-UV CD D r a f t spectra are not significantly different till the pH 5.5. On further decreasing the pH a remarkable decrease in the dichroic signal was observed. The CD signal was completely disappeared at pH 2.0 ( Figure 1B ). All these observations clearly indicate that CAMKIV maintains its secondary structure in the pH range of 5.5 to 11.5. At acidic pH CAMKIV is aggregating and hence it may not be functionally active.
Fluorescence measurements
After secondary structure analysis we tried to see the effect of pH on the tertiary structure of CAMKIV by monitoring change in the environment of the aromatic amino acid residues. Since, the change in intrinsic fluorescence is an indication for change aromatic amino acid residues in CAMKIV. Therefore, tryptophan intrinsic fluorescence was monitored by measuring emission spectra from 300 to 400 nm, with excitation at 290 nm. Figure 2A shows the fluorescence emission spectra of CAMKIV in the pH range of 7.5 to 11.5. No significant change was observed for the peak of fluorescence maxima, indicating that tryptophan environment in this pH range does not get disturbed significantly. However, a considerable decrease in fluorescence intensity was observed. This decrease in the fluorescence intensity could be due to deprotonation of neighboring basic amino acids. These observations suggest that the tertiary structure of CAMKIV remains unchanged in the alkaline pH range. Figure 2B shows the fluorescence emission spectra of CAMKIV in the pH range of 7.0-2.0. A marked blue shift in the intrinsic fluorescence spectra was induced by the pH drop. The greatest differences were between pH 7.0 and 2.0 with as much as 9 nm wavelength differ. Shifting of the peak at acidic pH range may occurred be due to disruption of electrostatic interaction and the ionization of tryptophan which could be the cause of conformational changes (Yang and Honig D r a f t 13 1995). We got a visible aggregation at pH values 3.0, 3.5, 4.5 and 5.0. Hence, the data of these pHs are not included in the figure. Our results suggest conformational changes at lover acidic pH values. This finding is in agreement with that of CD measurements which showed that CAMKIV is acid denatured at lower pH values. All these findings shed light onto the effect of the complete protonation/deprotonation of all amino acid side groups which likely led to the disruption of internal salt bridges, and other non-covalent interactions (Yang and Honig 1995) .
Absorption measurements
The effect of pH on the tertiary structure of CAMKIV was further examined by absorption spectra measurements (240-340 nm). In the basic pH range (7.5 to 11.5) a decrease in absorption was observed without any shifting of absorption maxima ( Figure 3A ). The direction of Trp peak shifts is usually highly sensitive to the microenvironment of each residue, with blue shifts in UV spectra and red shifts in fluorescence spectra generally indicating increased solvent exposure (Hospes et al. 2013) . Hence, there is no any significant change was observed while increasing the pH of CAMKIV from 7.5 to 11.5. On the other hand, a remarkable changes in the absorption spectra of CAMKIV was observed on decreasing the pH from 7.0 to 2.0 ( Figure 3B ). The UV absorption spectra in the alkaline region is opposite to the acidic condition, yet consistent trend relative to the fluorescence data, with a considerable blue shifts shown in Figure 2B indicating that the Trp residues have become more solvent accessible.
Activity assay
To observe the effect of pH on the function of CAMKIV, we have performed enzyme activity assay. CAMKIV has the ability to catalyze the hydrolysis of ATP and the formation of 32 P from [γ-32 P] ATP which were assayed radiographically (Naz et al. 2015a) . Figure 4 shows that D r a f t
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CAMKIV catalyzes the hydrolysis of ATP in the alkaline pH range. However, a remarkable decrease in the CAMKIV activity was observed as we lower down the pH from 7.0 to 2.0. These observations further validate the structural changes with reference to the pH of the system.
MD simulations
MD simulation in combinations with experimental studies help to get better insight into the conformation of protein in different environments (Anwer et al. 2015; Idrees et al. 2015; Khan et al. 2016a; Khan et al. 2016b; Khan et al. 2016c; Naiyer et al. 2015 ; Ubaid-Ullah et al. calculated by aligning all frames to initial structure using the mass-weighted least-squares fitting method.
Similarly, the Rg plots also showed a similar behavior as higher fluctuations were observed at the acidic pH (2.0-5.0), as compared to the pH ranges from 6.0 to 12.0 ( Figure 6B) . The average Rg values from pH 2-5 were found to be 2.20 nm, 2.31 nm, 2.20 nm and 2.23 nm, respectively. While for pH 6.0, 10.0 and 11.0 least fluctuations were observed ( Figure 6B) ;
with average Rg values were calculated to be 2.13 nm, 2.19 nm and 2.12 nm, respectively.
These results were complemented by the RMSF plot which showed higher residual fluctuations at the acidic pH as compared to the rest of the conditions (Figure 7) . A consistent correlation was observed for both spectroscopic and MD simulation data.
Conclusions
Here we described cloning, expression and purification of CAMKIV protein which was expressed in high yield and refolded successfully to have significant structure and essential enzyme activity. The secondary and tertiary structures of CAMKIV were measured at different pH ranges. We found that this protein maintains both secondary and tertiary structure in the alkaline pH range. However, a remarkable effect of pH on the structure and stability of CAMKIV was observed in the acidic pH range. A close correlation was also observed during the MD simulation studies. pH dependent structural studies followed by MD simulations and biochemical assays will be helpful for better understanding of the dynamic 
